A novel dual-rotor induction motor (DRIM) is proposed as a potential substitution of the traditional motor/generator with a flywheel (MGFW) used in the pulsed power driving system (PPDS) which is especially deployed in mobile platforms. The DRIM is based on the integration of flywheel energy storage and electromagnetic slip coupling mechanism. The DRIM utilizes its outer rotor as a flywheel to store the input mechanical energy. By the interaction between the excitation field produced by the outer rotor and the eddy current induced on the surface of the inner rotor, an electromagnetic torque is generated and simultaneously acted on the two rotors. So the stored energy in the outer rotor can be directly transferred to the inner rotor with the mechanical load through the torque. The substitution of MGFW with DRIM holds potential for simplifying the PPDS and improving its compactness. The configuration and operation mechanism of the DRIM are firstly introduced in this paper. Then transient characteristics of the DRIM are analyzed by the 2D finite element method (FEM). The influences of the excitation pole number and the excitation coil turns on the performance of the DRIM are investigated. Finally, the feasibility of the DRIM is experimentally verified by a prototype.
I. INTRODUCTION
Pulsed power driving system (PPDS) has been adopted in various applications such as the car crash test platform and the electromagnetic launcher [1] - [5] . In these applications, a huge instantaneous mechanical driving power is required for the acceleration of an inertia load in a short time. The energy storage equipment providing a huge instantaneous power plays a significant role in the PPDS. The motor/generator with a flywheel (MGFW) has been a preferred energy storage equipment employed by the PPDS due to its high power density and long life operation cycle [2] - [5] . A traditional system solution for such PPDS has been shown in Fig. 1 . The system is mainly composed of a driving motor, a bidirectional converter, and a MGFW.
The PPDS shown in Fig. 1 has two operation stages, namely the energy storage stage and the driving stage. In the energy storage stage S 1 is closed and S 2 is opened. The MGFW absorbs the energy from an electrical source through The associate editor coordinating the review of this manuscript and approving it for publication was Fabio Massaro . a bidirectional converter and then stores them as the rotational kinetic energy in the MGFW. In the driving stage S 1 is opened and S 2 is closed. And the previously energy stored by the MGFW is released and converted by the bidirectional converter to electrical power. And a large power driving motor supplied by the electrical power drives an inertia load to achieve the instantaneous acceleration. Power flow of the traditional PPDS in different modes has also been shown in Fig. 1 .
The MGWF shown in Fig. 1 is based on an electrically excited synchronous machine. And the MGFW exchanges energy with outside in the electrical form. But the energy required by the PPDS for inertia load acceleration is in the mechanical form. Therefore, even though the MGFW can provide the transient power required by the load, the multiple conversion of the stored power by a bidirectional converter and a driving motor is inevitable. However, considering the power level of a PPDS required in practice, the cooperative control of a driving motor, a bidirectional converter, and a MGFW is complicated. And the large power requirement of a bidirectional converter, a driving motor, and a MGFW eventually leads to a cumbersome system, which is obviously adverse to the application of a PPDS in the mobile platform with limited space and weight-carrying capacity.
In recent years, the MGFW based on different kinds of electrical machines have been proposed and investigated, for example, the BLDC machine [6] , [7] , the permanent magnet synchronous machine [8] - [12] , the synchronous reluctance machine [13] , [14] , the homo-polar inductor machine [15] , and the electrically excited synchronous machine [16] - [20] . However, the adoption of a MGFW based on any kind of those traditional electrical machines is inadequate to alleviate the problem of the system complexity in the PPDS.
To solve the above mentioned problem, a novel dual-rotor induction motor (DRIM) for the PPDS is proposed in this paper. The DRIM is based on the flywheel energy storage and electromagnetic slip coupling mechanism. Fig. 2 shows the architecture of the novel PPDS based on a DRIM.
Compared with the traditional PPDS based on a MGFW, the novel PPDS replaces the combination of a large power driving motor and a MGFW with that of a small power auxiliary motor and a DRIM. A large capacity bidirectional converter is also replaced with a small capacity unidirectional general converter. Furthermore, since the rotational kinetic energy storage is implemented by the outer rotor of the DRIM, the flywheel is also omitted in the novel PPDS. As a result, the substitution of a MGFW with a DRIM can be a promising method to simplify the PPDS and improve its compactness. And that is beneficial for the deployment of the PPDS in mobile platforms with the limited space and weightcarrying capacity.
In this paper, the configuration and operation principle of the DRIM are introduced firstly. Then the specification of a prototype DRIM is presented and 2D finite element method (FEM) is employed to analyze its transient electromagnetic process and driving characteristics. And influences of key structure parameters on the driving performance of the DRIM are also investigated by 2D finite element method (FEM). Finally, an experiment platform is established to experimentally confirm the feasibility of the DRIM and verify the simulation results.
II. CONFIGURATION OF DRIM
The DRIM is mainly composed of some essential structural support and two rotors, namely, an outer rotor for energy storing and an inner rotor for driving load. The fundamental structure of the proposed DRIM has been presented in Fig. 2 . And its simplified cross section view is shown in Fig. 3 .
In order to improve the energy storage density and driving capability of the DRIM, the inertia of the rotor for energy storage needs to be large while the inertia of the rotor for driving load needs to be small. Therefore the outer rotor is selected to store the input mechanical energy and the load is attached to the inner rotor.
The main function of the outer rotor is to store the input mechanical energy from outside by its own rotational inertia and to establish an electromagnetic coupling filed in the DRIM. The outer rotor core is made up of laminated silicon steels. The excitation winding is placed in the core slot. The excitation winding is connected to an auxiliary excitation DC voltage source through the electron brush and slip ring. The outer rotor brace and the bearings are used to provide a necessary structure supporting so that the two rotors can rotate freely from each other in the motor shell, as shown in Fig. 2 . Besides, the mass of the out rotor brace can also be adjusted during structure design so that the total inertia of outer rotor meets the requirement of the energy storage. Then an additional flywheel can be omitted in the DRIM.
The function of the inner rotor is to directly drive an inertia load to accelerate. Considering the system reliability requirement and instantaneous high acceleration operation condition, a smooth solid iron core is employed by the inner rotor since it is obviously not only mechanically robust but also easily manufactured.
III. OPERATION OF DRIM IN DIFFERENT STAGES A. ENERGY STORAGE STAGE
In the energy storage stage, the excitation winding of DRIM is disconnected from the auxiliary excitation source, so there is no electromagnetic coupling field in the DRIM. Thus, no interaction occurs between the two rotors in this stage. Outer rotor is dragged by the small power auxiliary motor and slowly accelerated to a pre-determined speed 0 . As a result, the input mechanical energy is stored by the out rotor of DRIM in form of kinetic energy. In this stage, the inner rotor is held standstill by an auxiliary locking device to avoid creeping. After the end of this stage, the energy stored in DRIM can be calculated as
where J 1 is total rotational inertia of the outer rotor including the outer rotor core, the excitation winding, input shafts and the outer rotor brace.
B. DRIVING STAGE
In the driving stage, auxiliary locking devices of inner rotor is firstly unlocked and meantime excitation winding is fed with auxiliary DC power supply. Then the winding current is raised and electromagnetic field in DRIM is established quickly. Due to the slip speed between two rotors, alternating magnetic field is produced in inner rotor core by excitation winding current.
Owing to skin effect, distribution of magnetic field and eddy current in inner rotor core are mainly limited within the penetration depth δ as
where µ 0 is vacuum permeability; µ r is relative permeability of inner core; σ is conductivity of inner rotor core; and ω is the electromagnetic field angular frequency relative to inner rotor and expressed as
where f is field frequency relative to inner rotor, and p is pole pairs of outer rotor. is transient slip speed between two rotors as
in which 1 and 2 are transient speed of outer and inner rotor, respectively. Substituting (3) and (4) into (2) gives
Due to the slip speed the eddy current loss p ec within inner rotor is determined by
where l ef is effective axial length of DRIM. And r 1 and r 2 are external diameter and internal diameter of inner rotor core respectively. Considering the pulse operation mode of DRIM, the relatively low efficiency caused by the eddy current loss is reasonably acceptable. Based on electromagnetic coupling mechanism theories [21] - [23] electromagnetic torque T e is calculated by
By the effect of T e , outer rotor will decelerate from speed of 0 and inner rotor will drive load to accelerate from stationary. If the friction of shafts in DRIM is ignored, the variation of two rotor speeds in the driving stage can be expressed as
where J 2 represents the total rotational inertia of the inner rotor and the load. 1 and 2 are the transient speed of outer and inner rotor, respectively. And the mechanical power released from outer rotor p M1 can be calculated by
whereas driving power of DRIM p M2 is
With the condition that friction is ignored, the system angular momentum can be assumed conservative. Therefore, after the end of driving stage, outer rotor and inner rotor reach the same final speed f , which is determined only by J 1 , J 2 and 0 , namely
On the other side, as soon as outer rotor winding is fed with DC power supply U , the establishment of the excitation winding current i can be expressed as
where R is resistance of outer rotor winding, ψ is total flux linkage of excitation winding
where ψ 1 is flux linkage produced by excitation winding current and ψ 2 is produced by eddy current in inner rotor core. And the minus sign before ψ 2 means the demagnetizing property of eddy current for the excitation magnetic field. The excitation power p 1e required by the DRIM during driving stage is calculated by
The first item p 1 in right end of (14) represents the winding ohm loss power while the second item p 1m represents the power absorbed by electromagnetic field from the excitation voltage source. At the end of driving stage the outer rotor and the inner rotor rotate synchronously, so the winding flux linkage will not vary any more. At this time (14) could be rewritten as
where P 1e and I are the maximum excitation power and excitation current required by DRIM, respectively. It should be noted that during driving stage, magnetic field in DRIM is synchronously rotating with exciting winding due to salient structure of out rotor and its DC excitation mode. Then none motional electromotive force is produced in the excitation winding in driving stage. So exciting power p 1e absorbed by DRIM winding from auxiliary power source cannot be used to electromechanical energy conversion. As a result, p 1m is only used to establish the electromagnetic field and p M2 comes from p M1 released by the outer rotor.
In the conventional PPDS based on a GMWF, as depicted in Fig. 1 , due to the unavoidable energy conversion by the bidirectional converter in the driving stage, the power ratings of the bidirectional converter is not less than the maximum driving power required for the load acceleration. However, in the following analysis, it will be demonstrated that maximum excitation power required by a DRIM is quite small when compared with its maximum driving power.
For convenience of the following investigation of ratio between the driving power and the required excitation power of DRIM, a factor λ is introduced here as
where P M2 is the peak value of the driving power p M2 during the whole driving stage.
IV. FEM ANALYSIS OF DRIM
To verify the feasibility of the DRIM and analyze its operation characteristics, the FEM model of a prototype is established in this section. The prototype is used to accelerate a load from a standstill to the target speed of 1100 rpm within 450 ms. And the inertia moment of the load is 2.75 kgm 2 . The specifications of the prototype studied in this section are listed in Table 1 . Besides, 8 excitation coils are connected in serial and the total resistance of excitation winding is 2.63 . The excitation voltage is 190 V.
Considering the end effect of eddy current induced in the inner solid rotor, the conductivity of inner rotor core material is revised by an end effect factor as in [24] .
where τ is the pole pitch. The established 2D FEM mode is shown in Fig. 4(a) . And Fig. 4(b) to Fig. 4(d) show the transient field distribution of DRIM at 168 ms after the start of driving stage. As depicted in Fig. 4(b) , the penetration depth of magnetic field in inner rotor is limited due to the slip speed between two rotors, and eddy current of inner rotor mainly distributes on its surface as shown in Fig. 4(d) . So the flux distribution in inner rotor is distorted due to the effect of eddy current. It can be observed in Fig. 4 (c) that outer rotor core pole shoes in clock direction side and surface of inner rotor core are highly statured, which leads to the demagnetizing property of eddy current for excitation field. The performance of DRIM in driving stage obtained by 2D FEM is shown in Fig. 5 .
From Fig. 5(a) , it is clear that the inner rotor begins to accelerate while the outer rotor begins to decelerate after start of driving stage, and it takes two rotors about 422 ms to reach the same speed of 1100 rpm. VOLUME 7, 2019 During the driving stage, changing slip speed between two rotors leads to change of electromagnetic field penetration depth in inner rotor. As depicted in Fig. 5(b) , the variation of current establishment is observed due to the change of magnetic circuit and the damping effect of eddy current within inner rotor, both of which are substantially influenced by penetration depth. Fig. 5(c) shows the transient electromagnetic torque and slip speed between outer and inner rotor. It can be seen that the electromagnetic torque first increases and then decreases along with the decline of the slip speed. And the torque reaches the maximum value of 1685 Nm at the slip speed of 750 rpm.
The transient driving power and required excitation power of DRIM are compared in Fig. 5(d) . The maximum driving power reaches nearly 122 KW whereas the required excitation power is only 13.73 KW. According to definition in (16) , λ is less than 0.12 for DRIM under this operation condition. This means required excitation power is within 12% of maximum driving power. It endows DRIM with the ability to control the instantaneous large mechanical driving power by a relatively small excitation power. For the MGFW based on traditional electrical machines, the electrical power required in the driving stage is not less than its desired output mechanical power. That means the λ is not less than 1. So the required electrical power can be notably reduced by using the DRIM in PPDS.
Besides, it is known from results shown in Fig. 5(d) that the major part of excitation power consumes in the excitation winding resistance as ohm loss.
V. INFLUENCE OF STRUCTURE PARAMETERS ON PERFORMANCE OF DRIM IN DRIVING STAGE
According to the above analysis, main mechanical factors affecting the driving performance of a DRIM are the initial outer rotor speed and the system rotational inertia, which are previously decided by the driving requirement of the load according to (11) . Meanwhile, winding resistance R and winding flux linkage ψ are main electromagnetic factors affecting the performance, which are mainly influenced by the pole number and coil turns of excitation windings.
In order to find a reasonable pole number and coil turns under the same driving requirement, the comparative analysis of DRIMs with different pole number and coil turns is conducted in this section. In the following analysis, the initial speed 0 is set to 1500 rpm.
A. POLE NUMBER
Outer rotor pole geometry dimension is kept unchanged when pole number changes in this subsection. Turns of each coil and other parameters remain consistent with Table 1 . Fig. 6 shows the established FEM models of DRIM with 6 poles and 10 poles. Excitation coils in different models are connected in serial. Total winding resistance R is assumed to be directly proportional to pole pairs. So winding resistance is 1.97 , 2.63 , and 3.28 when pole number varies from 6, 8 to 10. For the convenience of comparison, excitation voltage has been adjusted according to the difference of the winding resistance so that the maximum winding current I of different models remains same. Then the excitation voltage are 142.5 V, 190 V, and 237.5 V when the pole number varies from 6, 8 to 10. The results are shown in Fig. 7 . According to simulation results, the torque establishment is speeding up with the increase of pole number as shown in Fig. 7(b) . Maximum torque is also increased and the time corresponding to maximum torque becomes short, namely 1133 Nm at 258 ms for 6 poles, 1685 Nm at 168 ms for 8 poles, and 2122 Nm at 132ms for 10 poles. As a result, it can be observed from Fig.7 (a) that time for inner rotor to reach the final speed f decreases, namely 577 ms for 6 poles, 422 ms for 8 poles, and 386 ms for 10 poles.
The improvement in driving performance can be mainly attributed to rise of total winding ampere turns along with pole number increase, as shown in Fig. 7(c) . According to the obtained power comparison between maximum driving power and required maximum excitation power as shown in Fig. 7(d) , it can be seen that both of them raise along with pole number increase. But the factor λ approximately remains unchanged, which means that the increase of pole number can improve the transient driving ability without a remarkable enlargement of required excitation power.
However, as shown in Fig. 7(a) , the driving performance improvement by the increase of pole number is gradually indistinct in terms of the load acceleration time. Besides, it is known that a large pole number also leads to the small slot notch and slot area when the inner radium of outer rotor is unvaried. Therefore, even though the DRIM with 10 poles possesses the most powerful transient driving ability, an 8 poles design scheme is more reasonable and is selected in the following prototype design.
B. COIL TURNS
Transient performances of different DRIMs when excitation coil turns is 40, 80, and 120 are obtained by 2D FEM in this subsection. Total winding resistance is assumed to be directly proportional to coil turns number here. Then total winding resistance is 1.31 for 40 turns, 2.62 for 80 turns, and 3.93 for 120 turns, respectively
The DC excitation voltage fed on the excitation winding of different models is adjusted according to the difference of winding resistance, so that the maximum total winding ampere turns of different models remains identical. Here maximum excitation current I is 145.0A for 40 turns, 72.5A for 80 turns, and 48.3A for 120 turns. And excitation voltage is kept to 190V for different models. The other parameters is consistent with Table 1. The simulation results are shown in Fig. 8 .
As shown in Fig. 8(c) , even though the maximum winding ampere turns is identical, the establishment of winding ampere turns speeds down with the increase of coil turns. As a result, the torque establishment is speeding down with the increase of coil turns as shown in Fig. 8(b) . And the maximum torque also slightly decreases with the increase of coil turns, i.e. 1778 Nm for 40 turns, 1685 Nm for 80 turns, and 1580 Nm for 120 turns. Hysteresis of maximum torque also appears along with the increase of coil turns. However, it can be observed from Fig. 8(a) that the time required by the inner rotor to reach the final speed f is almost identical. Fig. 8(d) shows a comparison between maximum driving power and required excitation power of DRIM with different coil turns. It can be seen that both the two maximum power increase along with decrease of coil turns. But the augment of maximum excitation power is more noticeable so the factor λ also augments. But a lower coil turns number also leads to a higher excitation current. Considering the necessary transient driving ability and the current limitation of the excitation source, an 80 coil turns design scheme is selected in the following prototype design.
VI. EXPERIMENT VALIDATION
Main parameters of the prototype are consistent with Table 1 . Fig. 9 (a) and Fig. 9(b) show the manufactured outer rotor with the excitation winding and the inner rotor, respectively. Fig.10 shows the experiment platform. A 4 KW induction motor is connected to input shaft of DRIM by a belt pulley. The output shaft of DRIM is connected to a flywheel load by a coupling joint. And an electromagnet is installed near the flywheel to serve as the auxiliary locking device.
Main experiment steps are as follows. Firstly, outer rotor is driven to predetermined speed of 1500 rpm by the induction motor while the inner rotor is kept standstill by the auxiliary locking device. After that, the source of the induction motor is turned off and the locking device is unlocked. Then a 190 V DC voltage is fed to the excitation winding of DRIM, and the voltage source is cut off after 500 ms. Experiment and its corresponding simulation results are shown in Fig. 11 .
As shown in Fig. 11(a) , it takes inner rotor about 410 ms to reach the target speed of 1100 rpm. And according to simulation results shown in Fig. 11(b) the inner rotor reach final speed of 1100 rpm in 422 ms. A well agreement between experiment and simulation results is achieved. A one-order tracking differentiator is employed to obtain the transient angular accelerator of inner rotor based on its experiment speed data. The transient torque of DRIM is then obtained by (8) and depicted in Fig. 12 . The driving power is calculated by (10) . The maximum driving power and required excitation power obtained by the experiment and 2D FEM simulation are listed in Table 2 .
From Fig. 12 and Table 2 , it is known that the transient torque, the maximum driving power, the excitation power, and the power ratio calculated by the simulation agree well with experiment results. The difference is mainly attributed to the rotational inertia measurement error and the neglecting of axial friction in the established simulation model.
VII. CONCLUSION
The DRIM proposed in this paper can directly utilize the rotational kinetic energy stored in the outer rotor to accelerate the inertia load through the electromagnetic torque. The large power converter and the large power driving motor are no longer needed though the substitution of the MGFW with the DRIM in the PPDS.
Since only a DC voltage is required by the DRIM in the driving stage, the operation control of the DRIM is simple.
The maximum excitation power required by the DRIM is very small compared with its maximum mechanical driving power. So the electrical ratings of the converter in the PPDS based on the DRIM can be reduced. This is good for improving the system compactness of the PPDS.
The driving performance of a DRIM can be improved by increasing the pole number and decreasing coil turns within a certain range. And the power ratio λ is also influenced by these two structure parameters. So a reasonable compromise is needed in the final determination of the pole number and the coil turns. This provides the theory guidance for the further research on the design optimization of the DRIM.
Even though the eddy current loss in the inner rotor of the DRIM leads to a relatively low efficiency, considering the intermittent operation mode of the DRIM and the system simplification achieved by it, a sacrifice of efficiency is still acceptable in order to improve the compactness of the whole system, especially for the PPDS deployed in mobile platforms with limited space and weight-carrying capacity.
